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SO2  poisoning  of  carbon-supported  Pt3Co  (Pt3Co/VC)  catalyst  is  performed  at  the  cathode  of  proton 
exchange  membrane  fuel  cells  (PEMFCs)  in  order  to  link  previously  reported  results  at  the  elec¬ 
trode/solution  interface  to  the  FC  environment. 

First,  the  surface  area  of  Pt3  Co/VC  catalyst  is  rigorously  characterized  by  hydrogen  adsorption,  CO 
stripping  voltammetry  and  underpotential  deposition  ( upd )  of  copper  adatoms.  Then  the  performance 
of  PEMFC  cathodes  employing  30  wt.%  Pt3Co/VC  and  50  wt.%  Pt/VC  catalysts  is  compared  after  exposure 
to  1  ppm  SO2  in  air  for  3  h  at  constant  cell  voltage  of  0.6  V.  In  agreement  with  results  reported  for  the 
electrode/solution  interface,  the  Pt3Co/VC  is  more  susceptive  to  SO2  poisoning  than  Pt/VC  at  a  given 
platinum  loading. 

Both  catalysts  can  be  recovered  from  adsorbed  sulfur  species  by  running  successive  polarization  curves 
in  air  or  cyclic  voltammetry  (CV)  in  inert  atmosphere.  However,  the  activity  of  Pt3Co/VC  having  -3  times 
higher  sulfur  coverage  is  recovered  more  easily  than  Pt/VC.  To  understand  the  difference  between  the  two 
catalysts  in  terms  of  activity  recovery,  platinum-sulfur  interaction  is  probed  by  thermal  programmed 
desorption  at  the  catalyst/inert  gas  interface  and  CV  at  the  electrode/solution  interface  and  in  the  FC 
environment. 

Published  by  Elsevier  Ltd. 


1.  Introduction 

In  our  previous  paper  [1  ],  the  effect  of  SO2  on  the  oxygen  reduc¬ 
tion  reaction  (ORR)  was  compared  for  30 wt.%  Pt3Co/VC  (BASF, 
developmental)  and  20  wt.%  Pt/VC  (E-TEK)  catalysts  using  CV  and 
rotating  ring-disk  electrode  (RRDE)  techniques.  We  found  that  a 
30  wt.%  Pt3Co/VC  catalyst  is  more  susceptive  to  S02  poisoning  at  a 
given  platinum  loading.  It  was  evidenced  by  a  higher  coverage  of 
the  platinum  surface  by  adsorbed  sulfur  species  after  exposure  of 
the  Pt3Co/VC  thin-film  electrodes  to  S(IV)  aqueous  solution.  How¬ 
ever,  compared  to  Pt/VC  [1,2],  it  was  easier  to  recover  Pt3Co/VC 
from  adsorbed  sulfur  species  both  by  running  successive  polariza¬ 
tion  curves  in  oxygen  and  CV  in  inert  atmosphere,  meaning  that 
fewer  cycles  were  needed  to  get  initial  mass-activity  for  ORR  or  to 
clean  the  surface  from  adsorbed  sulfur  species  in  inert  atmosphere. 
We  assumed  that  adsorbed  sulfur  species  are  more  easily  removed 
from  Pt3 Co/VC  surface  due  to  a  weaker  platinum-sulfur  bonding 
indicated  by  density  functional  theory  (DFT)  [3,4].  The  assumption 
about  weaker  platinum-sulfur  bond  for  Pt3Co  alloy  seems  obvious, 
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knowing  that  platinum-oxygen  bond  is  weaker  for  this  catalyst 
[5]  and  that  both  sulfur  and  oxygen  belong  in  the  same  group  of 
the  periodic  table  of  elements.  This  assumption  has  never  been 
experimentally  proven,  though. 

Here  we  extend  our  previous  findings  to  S02  poisoning  of 
30  wt.%  Pt3Co/VC  and  50  wt.%  Pt/VC  electrocatalysts  (used  by  Ion 
Power,  Inc.  for  making  commercial  catalyst  coated  membranes 
(CCMs))  at  the  fuel  cell  cathodes.  We  start  with  characterization 
of  electrocatalytic  activities  of  30  wt.%  Pt3 Co/VC,  20  wt.%  Pt/VC  and 
50  wt.%  Pt/VC  towards  ORR  at  electrode/solution  interface  in  order 
to  compare  them  with  the  activities  of  30  wt.%  Pt3  Co/VC  and  50  wt.% 
Pt/VC  in  H2|02  fuel  cells.  The  20  wt.%  Pt/VC  catalyst  is  investigated  in 
order  to  gain  a  better  understanding  of  the  Pt  particle  size  effect,  as 
platinum  particle  size  for  this  catalyst  (3.5  ±  0.3  nm)  is  between  par¬ 
ticle  sizes  of  the  30  wt.%  Pt3Co/VC  and  the  50  wt.%  Pt/VC  (4.3  ±  0.3 
and  2.9  ±  0.5  nm,  respectively).  To  eliminate  uncertainties  in  plat¬ 
inum  electrochemical  surface  area  (ECSA)  determination  caused  by 
double  layer  correction  and  possible  hydrogen  spillover  [6],  the  sur¬ 
face  areas  of  the  above  three  catalysts  in  an  electrochemical  cell 
are  determined  by  three  different  methods:  hydrogen  adsorption 
(H-adsorption),  CO  stripping  voltammetry  and  Cu -upd.  In  fuel  cell 
experiments,  only  the  H-desorption  method  is  implemented. 

In  order  to  compare  the  S02  poisoning  of  30  wt.%  Pt3Co/VC  and 
50  wt.%  Pt/VC  in  fuel  cells,  S02  poisoning  of  cathode  catalysts  is 
performed  with  1  ppm  S02  in  air  for  3  h  while  holding  the  cell  volt- 
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age  at  0.6  V.  The  same  protocol  was  used  in  our  previous  paper  [7] 
where  the  voltage  effect  on  S02  adsorption  at  the  PEMFC  cathodes 
was  investigated.  The  extent  of  S02  poisoning  is  evaluated  based  on 
performance  degradation  and  coverage  of  the  platinum  surface  by 
adsorbed  sulfur  species  after  exposure  of  both  cathode  catalysts  to 
S02.  Coverage  of  sulfur  species  is  determined  from  suppression  of 
the  hydrogen  desorption  region  on  the  CVs.  As  the  platinum  ECSAs 
of  the  30wt.%  Pt3Co/VC  and  50wt.%  Pt/VC  catalysts  are  a  factor 
of  two  different,  the  S02  poisoning  effect  is  studied  both  at  con¬ 
stant  platinum  loading  (fuel  cell)  and  identical  platinum  surface 
areas  (electrochemical  cell).  Finally,  recovery  strategies  are  dis¬ 
cussed  and  the  platinum-sulfur  bonding  is  probed  by  temperature 
programmed  desorption  (TPD)  at  the  catalyst/gas  phase  interface 
in  order  to  verify  that  the  platinum-sulfur  bond  is  weaker  for  the 
Pt3Co/VC  catalyst. 

2.  Experimental 

2.1.  Rotating  disk  electrode  (RDE)  experiments 

The  electrocatalytic  activities  of  the  20wt.%  Pt/VC  (E-TEK,  cur¬ 
rently  BASF),  50wt.%  Pt/VC  (purchased  from  Ion  Power,  Inc.; 
information  about  manufacturer  is  not  disclosed)  and  30wt.% 
Pt3 Co/VC  (BASF,  developmental)  catalysts  towards  the  ORR  were 
evaluated  in  a  standard  three-electrode  electrochemical  cell  using 
the  thin-film  RDE  technique  [8].  A  thin  film  of  the  catalyst  was 
deposited  on  the  tip  of  a  glassy  carbon  electrode  (5  mm  diame¬ 
ter,  Pine  Instruments)  that  served  as  a  working  electrode  (WE).  The 
rotation  of  the  WE  was  implemented  by  a  rotator  (Pine  Instruments, 
AFCPRB).  A  platinum  mesh  and  a  home-made  reversible  hydro¬ 
gen  electrode  (RHE)  were  used  as  counter  and  reference  electrodes, 
respectively.  The  RHE  was  separated  from  the  main  compartment 
of  the  cell  by  a  bridge  with  electrolyte  connected  to  the  cell  via  a 
Luggin  capillary.  A  solution  of  0.1  M  HC104  prepared  from  double 
distilled  perchloric  acid  (GFS  Chemicals)  was  used  as  the  working 
electrolyte.  The  electrolyte  was  purged  with  ultra  high  purity  (UHP) 
oxygen  (4.3  grade,  GTS-Welco)  for  20  min  prior  to  measuring  the 
ORR  curves.  During  ORR  measurements,  the  flow  of  oxygen  through 
electrolyte  was  replaced  by  a  flow  above  the  electrolyte,  to  create 
an  oxygen  “blanket”.  The  ORR  measurements  were  performed  at  a 
rotation  rate  of  1 600  rpm  and  scan  rates  of  5  and  20  mV  s-1  at  room 
temperature. 

The  platinum  loading  was  20  f±gPt  cm-2  for  the  30  wt.%  Pt3 Co/VC 
and  the  20  wt.%  Pt/VC  and  30pJgPtcm-2  for  50  wt.%  Pt/VC.  The 
higher  platinum  loading  for  the  50  wt.%  Pt/VC  was  used  because 
we  were  unable  to  obtain  good  uniform  films  with  a  Pt  loading  of 
20  |jigPt  cm-2.  Catalyst  inks  were  prepared  by  dispersing  15-20  mg 
of  the  catalysts  in  10  mL  of  an  ink  solution  [8].  Homogeneous  cat¬ 
alyst  distribution  in  the  ink  was  achieved  by  1  h  sonication  in  an 
ultrasonic  bath  sonicator  (Branson  2510).  A  8-10  p,L  aliquot  of  the 
ink  was  pipetted  on  the  tip  of  the  glassy  carbon  electrode  to  get  the 
desired  platinum  loading.  Thin  uniform  films  were  obtained  after 
drying  the  glassy  carbon  electrodes  in  air  at  room  temperature. 

All  potentials  measured  in  the  electrochemical  cell  are  reported 
with  respect  to  RHE  in  0.1  M  HC104  at  atmospheric  H2  pressure. 

To  evaluate  the  electrocatalytic  activities  of  both  catalysts 
towards  the  ORR,  kinetic  currents  were  extracted  from  the  total 
currents  according  to  Eq.  (1)  [9]: 


where  /  is  the  total  current  and  Id  is  the  limiting  diffusion  current. 
Mass-  and  area-specific  activities  were  determined  by  normaliza¬ 
tion  of  4  to  the  electrode’s  platinum  loading  (p,gPt)  and  platinum 
ECSA  (cm2Pt),  respectively. 


2.2.  Platinum  ECSA  determination 

Platinum  ECSAs  of  the  thin-film  electrodes  were  determined 
by  three  different  methods:  hydrogen  adsorption,  CO  stripping 
voltammetry  and  Cu -upd. 

2.2. 1.  Pt  ECSA  evaluation  from  the  hydrogen  adsorption  region 

Electrodes  were  electrochemically  cleaned  in  N2-purged  elec¬ 
trolyte  solution  by  cycling  the  potential  of  the  WE  between  0  and 
1.4  V  at  a  scan  rate  of  500  mV  s-1  until  reproducible  voltammo- 
grams  were  obtained  (typically  20  cycles).  Then,  CVs  were  recorded 
in  the  potential  range  of  0.05-1.1  V  (vs.  RHE)  at  scan  rates  of  20, 
50  and  lOOrnVs-1.  The  platinum  ECSAs  were  calculated  from  the 
hydrogen  adsorption  region  on  CVs  after  correction  for  double 
layer  charging  (subtraction  of  the  current  measured  at  0.4  V  vs. 
RHE  from  the  total  current).  To  avoid  the  influence  of  H2  evolu¬ 
tion  on  the  hydrogen  adsorption  region,  integration  was  performed 
between  0.065  and  0.4V  for  the  30 wt.%  Pt3Co/VC,  0.06  and  0.4V 
for  the  20  wt.%  Pt/VC,  and  0.05  and  0.4  V  for  50  wt.%  Pt/VC.  210  [9] 
and  200  pGciTr2Pt  [10]  were  used  as  a  conversion  factor  for  Pt/VC 
and  Pt3Co/VC  thin  films,  respectively.  ECSAs  determined  from  CVs 
recorded  at  20,  50  and  100  mV  s-1  were  consistent  within  ±5%. 

2.2.2.  CO  stripping  voltammetry 

To  implement  the  second  method  [11-13],  the  potential  of 
electrochemically  cleaned  electrodes  in  02-free  electrolyte  was 
set  to  0.06  V  vs.  RHE.  Then  UHP  CO  (GTS-Welco)  was  introduced 
for  30  min  while  holding  the  WE  under  potential  control.  Follow¬ 
ing  that,  the  solution  was  purged  with  research  grade  N2  (6.0, 
GTS-Welco)  for  30  min  to  remove  dissolved  CO.  Then  two  voltam- 
metric  scans  were  carried  out  according  to  the  following  program: 
0.06  V  1 .3  V  -*  0.05  V  ->  0.06  V  at  a  scan  rate  of  1 0  mV  s-1 .  To  eval¬ 
uate  the  platinum  ECSA,  the  area  under  the  CO  stripping  peak  was 
calculated  after  subtraction  of  background  current  observed  dur¬ 
ing  the  2nd  positive  sweep  from  the  current  measured  during  the 
1st  positive  sweep.  Integration  limits  were  0.55  and  1.1  V.  As  two 
electrons  per  CO  molecule  are  consumed  to  oxidize  CO  to  C02  [14], 
420  and  400  fxC  cnrr2Pt  were  used  to  convert  the  charge  consumed 
for  a  monolayer  of  CO  oxidation  into  platinum  ECSA  for  Pt/VC  and 
Pt3 Co/VC  films,  respectively. 

2.2.3.  Cu-upd 

The  similar  size  of  platinum  and  copper  atoms  (Pt  and  Cu  atomic 
radii  are  0.139  and  0.128  nm,  respectively  [15])  makes  copper 
underpotential  deposition  a  perfect  tool  for  evaluating  the  plat¬ 
inum  ECSA.  An  experimental  technique  was  adopted  from  the 
literature  [6,15,16].  First,  the  thin-film  electrode  was  held  at  0.06  V 
for  15  min  in  a  degassed  0.1  M  HC104  electrolyte.  Then  its  potential 
was  moved  stepwise  to  0.33  V,  and  a  background  potentiodynamic 
scan  was  recorded  between  0.33  and  1.3  V  at  1  mVs-1.  The  proce¬ 
dure  was  repeated  one  more  time,  but  this  time  a  stock  solution  of 
CuS04-5H20  (99.999%  assay,  GFS  Chemicals)  was  introduced  into 
the  cell  (to  produce  0.005  M  CuS04  in  the  cell)  while  the  WE  was 
under  potential  control  at  0.33  V.  To  facilitate  diffusion  of  cupric 
ions  to  the  electrode  surface,  the  rotator  was  turned  on  at  1 600  rpm 
when  the  cupric  solution  was  introduced  into  the  cell.  In  order 
to  obtain  a  monolayer  of  Cu  adatoms  on  the  surface  of  the  plat¬ 
inum  nanoparticles,  the  electrode  was  kept  under  potential  control 
for  30  min  while  the  solution  was  degassed  with  research  grade 
N2.  Finally,  Cu  stripping  was  performed  by  sweeping  the  poten¬ 
tial  from  0.33  to  1.3  V  at  1  mVs-1.  The  charge  consumed  for  the 
oxidation  of  copper  adatoms  was  determined  by  integration  of  the 
current  vs.  time  curve,  obtained  by  subtraction  of  the  background 
current  (measured  in  a  clean  0.1  M  HC104)  from  current  measured 
in  the  presence  of  cupric  ions  in  solution.  The  platinum  ECSA  was 
calculated  assuming  that  a  monolayer  coverage  of  platinum  by  cop- 
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per  adatoms  is  achieved  and  copper  oxidation  requires  2e~,  i.e. 
using  420  and  400  fxCcmpt-2  as  a  conversion  factor  for  Pt/VC  and 
Pt3Co/VC  films,  respectively. 

2.3.  S02  poisoning  experiments  in  electrochemical  cell 

Thin-film  electrodes  with  platinum  loading  of  35  and 
20  |jigpt  cm-2  for  30  wt.%  Pt3Co/VC  and  50  wt.%  Pt/VC  respectively, 
were  electrochemically  cleaned  in  02-free  0.1  M  HC104.  Following 
that,  two  CVs  at  20  mV  s-1  were  recorded  using  the  Autolab  poten- 
tiostat.  Then  the  electrode  potential  was  set  to  0.60  V  and  current 
vs.  time  was  recorded  in  02-free  atmosphere  for  the  first  5  min. 
Then  5  ppm  S02  in  UHP  N2  was  introduced  for  1 5  min  at  a  flow  rate 
of  20  seem,  followed  by  15  min  nitrogen  purge  to  remove  dissolved 
S02.  Finally,  ten  consecutive  CV  curves  were  recorded  according  to 
the  program:  0.6  V -*  0.05  V -*  1 .4  V -*  0.05  V. 

All  potentials  measured  in  the  electrochemical  cell  are  given 
with  respect  to  a  RHE  in  0.1  M  FICIO4. 

2.4.  Fuel  cell  testing 

Experiments  were  performed  on  catalyst  coated  membranes 
(CCMs)  purchased  from  Ion  Power,  Inc.  The  Pt/VC  catalyst  coated 
membranes  had  a  50  wt.%  Pt/VC  as  the  cathode  and  anode  cata¬ 
lysts  with  a  platinum  loading  of  0.4mgptcm-2  on  both  sides  of 
NRE  212  (DuPont)  membranes;  catalyst-coated  areas  were  10  cm2. 
50  wt.%  Pt/VC  catalyst  was  from  the  same  batch  as  was  used  for  RDE 
experiments. 

The  Pt3 Co/VC  CCMs  were  custom-made  for  this  project  by  Ion 
Power,  Inc.,  using  the  same  30  wt.%  (total  metal  loading)  Pt3Co/VC 
cathode  catalyst  (BASF,  developmental),  as  was  used  in  RDE  exper¬ 
iments.  The  Pt  loading  at  these  cathodes  was  also  0.4mgPt  cm-2. 

CCMs  were  sandwiched  between  two  gas  diffusion  layers  (SGL 
25BC,  236  |jim)  and  mounted  into  the  10  cm2  fuel  cell  test  fix¬ 
ture  with  single-serpentine  flow  fields  (Fuel  Cell  Technologies).  A 
890C  fuel  cell  test  station  with  built  in  current-interrupt  capability 
(Scribner  Associates,  Inc.)  was  used  for  evaluation  of  the  fuel  cells. 

The  effect  of  S02  was  tested  by  introducing  1  ppm  S02  into  the 
air  feed  for  3  h  at  a  cell  voltage  of  0.6  V,  at  80  °C  and  100%  relative 
humidity.  Details  of  the  experiments  and  “break-in”  procedure  can 
be  found  elsewhere  [7,1 7].  Briefly,  ultrahigh  purity  (UEIP)  hydrogen 
(GTS-Welco)  and  1  ppm  S02  in  ultrazero  (neat)  air  were  flowed 
through  the  anode | cathode  at  flow  rates  of  0.25 1 0.5  SLPM  while 
holding  the  cell  voltage  at  0.6  V.  Before  and  after  exposure  to  the 
S02-air  mixture,  the  cathode  was  run  in  air  at  a  cell  voltage  of  0.6  V 
for  2  and  lOh,  respectively.  After  a  final  air  purge,  either  a  set  of 
10  polarization  curves  were  measured  at  a  stoic  ratio  s  =  2/2,  or 
air  flow  was  replaced  by  nitrogen  flow  at  0.1  SLPM  and  hydrogen 
crossover  ix  was  measured  at  H2 |N2  flow  rates  of  0.25|0.1  SLPM 
at  80 °C  and  a  scan  rate  of  1  mVs-1  between  0.1  and  0.40  V  [18] 
using  an  Autolab  potentiostat  (PGSTAT30).  The  procedure  for  mea¬ 
suring  polarization  curves  was  adopted  from  Ref.  [19]:  current  vs. 
time  was  recorded  at  every  given  cell  voltage  for  15  min,  with  the 
final  current  value  taken  from  the  average  of  the  last  5  min.  After 
measuring  polarization  curves,  the  air  flow  was  replaced  by  nitro¬ 
gen  flow,  and  hydrogen  crossover  was  determined  as  it  is  described 
above.  Then  the  cell  was  cooled  down  to  30  °C,  and  a  set  of  CV  curves 
were  recorded  at  a  scan  rate  of  50mVs-1  between  0.085  and  1.4  V 
at  H2 1 N2  flow  rates  of  0.25 1 0.03  SLPM  using  an  Autolab  potentio¬ 
stat.  CVs  were  measured  under  flooded  conditions  [19]:  humidifiers 
temperatures  were  set  to  50  °C  while  the  cell  was  cooled  down 
from  80  to  30  °C.  Then  the  fuel  cell  was  disassembled,  and  a  new 
CCM  was  tested.  Every  contaminated  CCM  was  tested  just  once  and 
never  used  again. 

If  the  hydrogen  crossover  was  measured  after  S02  poisoning  at 
80  °C,  the  cell  was  further  used  to  estimate  the  coverage  of  sul¬ 


fur  species  on  the  platinum  surface  from  a  set  of  CVs  measured  at 
30  °C.  The  same  protocol  for  measuring  CVs  as  described  above  was 
applied.  After  running  CVs,  the  cell  was  heated  back  to  80  °C,  and 
two  more  polarization  curves  in  H2  |air  were  recorded.  Then  the  cell 
was  cooled  down  and  disassembled. 

For  S02  contamination  experiments  in  H2  |N2,  30  wt.%  Pt3 Co/VC 
and  50  wt.%  Pt/VC  cathodes  were  exposed  to  1  ppm  S02  in  UHP 
nitrogen  (GTS-Welco)  for  3  h  while  holding  the  cathodes  at  0.6  and 
0.5  V,  respectively.  Flow  rates  (0.25 1 0.5  SLPM  at  the  anode | cathode), 
cell  temperature  (80  °C)  and  relative  humidity  (100%)  were  the 
same  as  in  the  H2|air  contamination  experiments.  Potentials  in 
H2|N2  experiments  were  applied  using  the  Autolab  potentiostat. 
Before  and  after  exposure  to  S02  in  nitrogen,  the  cathodes  were 
held  in  nitrogen  at  0.6  V  for  1  h.  After  S02/N2  poisoning  at  80  °C, 
the  cells  were  cooled  down  to  30  °C,  and  a  set  of  CV  curves  were 
recorded  under  flooded  conditions. 

The  platinum  ECSAs  for  the  clean  catalysts  were  determined 
from  the  hydrogen  desorption  region  on  CV  curves  measured  at 
30  °C  after  the  “break-in”  procedure  preceding  S02  exposure.  The 
area  under  the  hydrogen  desorption  peaks  were  integrated  after 
double-layer  correction,  i.e.  subtracting  the  currents  measured  at 
0.4  V  from  the  total  currents.  200p>Ccm-2  [10]  and  210pGcm-2 
[9]  were  used  to  convert  the  charge  consumed  for  hydrogen  elec¬ 
trochemical  desorption  into  the  platinum  ECSAs  for  the  30  wt.% 
Pt3 Co/VC  and  50  wt.%  Pt/VC  cathodes,  respectively. 

Every  experiment  in  H2|air  or  H2|N2  cells  was  repeated  at  least 
twice  to  ensure  that  reproducible  results  were  obtained.  All  poten¬ 
tials  in  the  FC  experiments  are  given  with  respect  to  the  potential 
at  the  anode. 

2.5.  X-ray  diffraction  (XRD) 

XRD  (Bruker  D8  Advance  diffractometer  [Cu  Ka  radiation: 
40  kV,  40  mA;  1.2°  20 min-1  step  size])  was  used  to  determine 
the  Pt  nanoparticle  size  for  the  30  wt.%  Pt3Co/VC,  20  wt.%  Pt/VC 
and  50  wt.%  Pt/VC  catalysts.  The  average  Pt  nanoparticle  diame¬ 
ter  was  determined  by  Scherer’s  equation  from  the  peak  observed 
at  20  =  40°.  This  approach  has  been  validated  with  transmission 
electron  microscopy  in  our  previous  paper  [20]. 

2.6.  TPD 

All  TPD  experiments  were  performed  using  a  Micromeritics 
ASAP  2010  chemisorption  instrument  equipped  with  a  Pfeiffer  Vac¬ 
uum  ThermoStar™  mass  spectrometer  (MS)  attachment.  60  mg  of 
a  powder  catalyst  was  placed  in  quartz  U-tubes,  on-top  of  a  bed 
of  quartz  wool.  The  instrument  thermocouple  was  placed  in  the 
powder  sample  for  accurate  temperature  measurement. 

Three  powder  catalyst  samples  were  analyzed  for  their  S02 
desorption  characteristics:  40  wt.%  Pt/VC  from  Johnson-Matthey, 
30  wt.%  Pt3Co/VC  (BASF),  and  acid-leached  30  wt.%  Pt3 Co/VC.  The 
acid  leached  30  wt.%  Pt3 Co/VC  was  produced  by  immersing  the  cat¬ 
alyst  in  0.5  M  HCIO4  at  80  °C  for  1  h  followed  by  filtration  to  recover 
the  catalyst.  The  catalyst  was  leached  a  second  time  in  0.5  HC104 
at  80  °C  for  1  h  and  filtered  after  that.  After  filtration,  the  powder 
was  washed  with  a  1 00  ml  of  hot  0.5  M  HCIO4  followed  by  1 00  ml  of 
nanopure  H20  to  remove  residual  cobalt  and  acid  ions.  The  powder 
was  then  vacuum  dried  at  25  °C  overnight. 

Prior  to  adsorption  of  S02  40  wt.%  Pt/VC  and  untreated  30  wt.% 
Pt3Co/VC  samples  were  degassed  in  situ  at  350  and  550  °C,  respec¬ 
tively,  in  UHP  He  (99.999%)  to  clean  the  surface  of  any  impurities. 
The  acid  leached  30  wt.%  Pt3 Co/VC  sample  was  degassed  at  1 1 0  °C  to 
avoid  sintering  of  nanoparticles.  After  degassing  the  samples  were 
cooled  to  80  °C  and  exposed  to  5  ppm  S02  in  UHP  He  (99.999%) 
for  24  h.  After  exposure  to  S02  in  He  the  samples  were  flushed 
and  cooled  under  He  to  remove  any  remaining  S02.  Once  a  stable 
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Fig.  1.  ORR  curves  for  thin  films  of  30  wt.%  Pt3 Co/VC  (20  |jLgpt  cm-2,  blue),  20  wt.% 
Pt/VC  (20  (jigpt  cm-2,  black)  and  50 wt.%  Pt/VC  (30  |jLgpt  cm-2,  red)  recorded  during 
the  anodic  sweep  at  1600rpm  in  oxygen-saturated  0.1  M  HC104  at  a  scan  rate  of 
5  mV  s-1  at  ambient  temperature.  Current  densities  per  geometric  surface  area.  Inset 
shows  E  vs.  mass-normalized  kinetic  currents  extracted  from  the  ORR  curves  accord¬ 
ing  to  Eq.  (1).  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  article.) 


baseline  was  established,  the  samples  were  ramped  from  ambient 
temperature  (~45  °C)  to  600  °C  at  10  °C  min-1  in  He.  During  ramp¬ 
ing  the  quartz  tube  effluent  was  monitored  by  the  MS  and  a  thermal 
conductivity  detector.  The  MS  was  used  to  monitor  the  following 
molecular  ions  during  desorption:  H20+(m/e  =  18),  CO+(m/e  =  28), 
C02+  (m/e  =  44),  S02+(m/e  =  64),  and  S03+(m/e  =  80).  Fresh  samples 
were  used  for  each  experiment  and  repeats. 

3.  Results  and  discussion 

3.1.  Characterization  ofPt3Co/VC  and  Pt/VC  catalysts  in  an 
electrochemical  cell 

The  RDE  results  are  shown  in  Fig.  1  for  the  ORR  activity  of  the 
30 wt.%  Pt3Co/VC  (blue),  20  wt.%  Pt/VC  (black)  and  50 wt.%  Pt/VC 
(red).  Both  30  wt.%  Pt3 Co/VC  and  20  wt.%  Pt/VC  have  the  same  plat¬ 
inum  loading  of  20  p,gPt  cm-2  whereas  platinum  loading  of  50  wt.% 
Pt/VC  is  30  |jigpt  cm-2.  The  30 wt.%  Pt3 Co/VC  and  50 wt.%  Pt/VC 
have  significantly  different  particle  sizes  (4.3  ±  0.3  and  2.9  ±  0.5  nm, 
respectively),  so  the  curve  for  20  wt.%  Pt/VC  with  particle  size  of 
3.5  ±  0.5  nm  is  given  as  a  reference.  As  described  in  our  earlier  work 
[1]  and  by  others  [21-25],  the  curve  for  the  30  wt.%  Pt3Co/VC  is 
shifted  toward  more  positive  potentials  vs.  20  wt.%  Pt/VC  in  the 
mixed  kinetic  diffusion  control  region  (0.82-1. 0  V),  indicative  of 
higher  mass  activity  for  the  Pt3Co/VC.  In  spite  of  a  higher  plat¬ 
inum  loading,  the  50  wt.%  Pt/VC  curve  is  almost  undistinguishable 
from  that  of  the  20  wt.%  Pt/VC  catalyst  in  the  potential  range  of 
0.85-1. 0  V,  meaning  lower  mass  activity  for  the  former  catalyst. 
The  reason  for  this  can  be  a  Pt  particle  size  effect,  as  area-specific 
activity  decreases  with  the  particle  size  [8,26].  The  difference  in 
mass  activities  of  three  catalysts  can  be  clearly  seen  from  the  inset 
in  Fig.  1. 

The  voltammetric  curves  used  to  determine  the  platinum  ECSAs 
of  the  three  catalysts  by  the  three  different  methods  described  in 
the  experimental  section  are  shown  in  Figs.  2-4.  The  platinum  load¬ 
ing  for  ah  three  catalysts  was  20  [xgPt  cm-2.  The  difference  between 
CVs  measured  on  20  wt.%  Pt/VC  (black)  and  30  wt.%  Pt3Co/VC  (blue) 
catalysts  in  02-free  0.1  M  HC104  solution  (Fig.  2)  has  already  been 


Fig.  2.  Cyclic  voltammogramms  of  thin  films  of  30  wt.%  Pt3 Co/VC  (blue),  20  wt.% 
Pt/VC  (black)  and  50 wt.%  Pt/VC  (red)  catalysts  in  02-free  0.1  M  HC104  solution 
recorded  at  20  mV  s-1 .  Platinum  loading  20  (jLgPt  cm-2 ,  ambient  temperature.  Arrows 
indicate  peaks  at  0.76  and  0.77  V  for  reduction  of  oxygen  species  at  50  and  20  wt.% 
Pt/VC,  respectively.  (For  interpretation  of  the  references  to  color  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  article.) 


Potential  /  V  vs.  RHE 


Fig.  3.  CO  stripping  voltammograms  of  thin  film  of  30  wt.%  Pt3  Co/VC  (blue),  20  wt.% 
Pt/VC  (black)  and  50  wt.%  Pt/VC  (red)  in  02-free  0.1  M  HC104  solution  recorded  at 
10  mV s-1 .  Platinum  loading  20  |jigpt  cm-2,  ambient  temperature.  Dashed  line  indi¬ 
cates  peaks  for  CO  oxidation  on  20  wt.%  Pt/VC  and  30  wt.%  Pt3Co/VC  thin  films  at 
0.77  V.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader 
is  referred  to  the  web  version  of  this  article.) 


Fig.  4.  Cu-upd  of  thin  films  of  30 wt.%  Pt3Co/VC  (blue),  20 wt.%  Pt/VC  (black) 
and  50 wt.%  Pt/VC  (red)  in  02-free  0.1  M  HC104  (dashed  lines)  and  0.1  M 
HCIO4  +  5  x  10-3  M  CuS04  (solid  lines).  Scan  rate  lmVs-1,  platinum  loading 
20PLgptcm-2,  ambient  temperature.  Dashed  lines  indicate  peaks  for  oxidation  of 
copper  adatoms  from  20  wt.%  Pt/VC  and  50  wt.%  Pt/VC  thin  films  at  0.46,  0.6  and 
0.7  V.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader 
is  referred  to  the  web  version  of  this  article.) 
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Table  1 

Platinum  ECSAs  determined  by  H-adsorption,  CO  stripping  and  Cu -upd  for  thin  films  of  30  wt.%  Pt3Co /VC,  20  and  50  wt.%  Pt/VC:  20  p,gPt  cm-2,  0.1  M  HC104,  25  °C. 


Catalyst 

Pt  particle  size  by  XRD  (nm) 

dpt/dpt3co 

ECSA  (m2 

gpt”1) 

ECS  Apt3  co /vc  /  ECS  Apt/ vc 

H-ad 

CO 

Cu -upd 

H-ad 

CO 

Cu -upd 

30%  Pt3 Co/VC,  BASF 

4.3  ±  0.3 

- 

36  ±2 

40  ±2 

45  ±  2 

- 

- 

- 

20%  Pt/VC,  E-TEK 

3.5  ±  0.3 

0.83  ±  0.1 

62  ±3 

65  ±3 

67  ±3 

0.58  ±  0.03 

0.62  ±  0.03 

0.67  ±  0.03 

50%  Pt/VCa 

2.9  ±  0.5 

0.67  ±  0.1 

70  ±4 

72  ±4 

72  ±4 

0.51  ±  0.03 

0.56  ±  0.03 

0.63  ±  0.03 

a  Purchased  from  Ion  Power,  Inc.  Information  about  manufacturer  is  not  disclosed. 


discussed  in  our  previous  paper  [1].  The  CV  curve  for  50  wt.% 
Pt/VC  (red)  has  the  same  features  as  the  one  for  20  wt.%  Pt/VC. 
Two  differences  that  are  worth  mentioning  when  comparing  the 
two  Pt/VC  catalysts  are  higher  areas  under  the  hydrogen  adsorp¬ 
tion/desorption  peaks  and  a  ~10mV  negative  shift  in  the  peak  for 
reduction  of  adsorbed  oxygen  species  for  50  wt.%  Pt/VC;  both  are 
likely  due  to  smaller  Pt  nanoparticle  size  for  the  50%  Pt/VC. 

The  CO  stripping  voltammograms  (Fig.  3)  are  characterized  by 
oxidation  peaks  at  0.77  V  for  30  wt.%  Pt3Co/VC  (blue)  and  20  wt.% 
Pt/VC  (black)  and  0.79  V  for  50  wt.%  Pt/VC  (red).  The  same  peak 
position  for  30  wt.%  Pt3 Co/VC  and  20  wt.%  Pt/VC  catalysts  is  indirect 
evidence  of  enrichment  of  the  alloy  surface  with  platinum  [27].  If 
cobalt  was  present  on  the  surface,  the  alloy  would  facilitate  CO  oxi¬ 
dation  according  to  a  bifunctional  mechanism,  and  the  peak  would 
be  shifted  negatively  relative  to  the  20  wt.%  Pt/VC  catalyst. 

The  CO  oxidation  peaks  for  both  Pt/VC  catalysts  are  well  pro¬ 
nounced,  sharp  single  peaks,  while  the  peak  for  the  30  wt.% 
Pt3 Co/VC  has  a  well  defined  shoulder  at  0.67-0.74  V.  The  shape  of 
the  shoulder  is  not  always  reproducible,  which  does  not  affect  the 
area  under  the  peak,  though.  The  presence  of  two  contributions  to 
CO  electrooxidation  peak  on  carbon-supported  PtgsCois  alloy  was 
also  reported  by  Garcia  et  al.  [28].  Although  the  nature  of  the  sec¬ 
ond  contribution  is  unclear,  some  factors  such  as  the  presence  of 
a  significant  amount  of  bridge-bonded  CO  can  be  eliminated  [28]. 
The  shoulder  is  likely  related  to  the  formation  of  irregularities  on 
the  alloy  surface  during  the  formation  of  a  platinum  “skeleton” 
[10,29]  or  enrichment  of  the  Pt3Co  surface  layer  with  platinum 
atoms  [10,29]. 

The  negative  shift  in  the  CO  oxidation  peak  (Fig.  3)  for  20  wt.% 
Pt/VC  vs.  50  wt.%  Pt/VC  with  increasing  particle  size  (3.5  ±0.5  vs. 
2.9  ±  0.5  nm,  respectively)  is  consistent  with  the  particle  size  effect 
on  CO  monolayer  oxidation  reported  by  Maillard  et  al.  [30].  The  area 
under  the  CO  oxidation  peak  is  remarkably  smaller  for  the  Pt3  Co/VC 
catalyst  indicative  of  a  smaller  platinum  ECSA.  Due  to  the  unusual 
shape  of  the  CO  oxidation  peak  of  the  alloy  catalyst  and  associated 
with  it  uncertainties  in  Pt  ECSA  determination,  the  Cu -upd  method 
was  implemented  as  an  additional  method  to  evaluate  the  ECSA  of 
three  catalysts.  Voltammetric  curves  for  oxidation  of  Cu  adatoms 
from  thin  films  of  30  wt.%  Pt3Co/VC  (blue)  20  wt.%  Pt/VC  (black) 
and  50  wt.%  Pt/VC  (red)  are  illustrated  in  Fig.  4.  Background  curves 
measured  in  the  absence  of  copper  adatoms  are  shown  as  a  ref¬ 
erence.  The  small,  but  distinguishable  features  on  the  background 
curves  in  the  potential  range  of  0.5-0.7V  result  from  trace  impu¬ 
rities  present  in  the  electrolyte  that  produce  more  pronounced 
effect  at  low  scan  rates.  Cu  oxidation  curves  are  characterized  by 
three  oxidation  peaks  at  0.46,  0.6  and  0.7  V  for  Pt/VC  catalysts  and 
0.47, 0.62  and  0.73  V  for  Pt3Co/VC.  These  peaks  are  assigned  to  cop¬ 
per  sites  of  different  adsorption  energies  [31  ].  The  positive  shift  in 
peak  positions  for  Pt3Co/VC  vs.  Pt/VC  probably  indicates  that  the  Cu 
adatoms  have  higher  adsorption  energies  on  Pt  alloy  nanoparticles 
then  on  pure  platinum  nanoparticles 

Platinum  ECSAs  determined  by  Fl-adsorption,  CO  stripping  and 
Cu -upd  are  compared  in  Table  1.  ECSAs  determined  by  three  differ¬ 
ent  methods  for  Pt/VC  catalysts  are  consistent  within  1 0  ±  5%  error, 
while  higher  discrepancy  is  observed  for  P3  Co/VC  catalyst.  The  dif¬ 
ferences  between  ECSAs  obtained  by  H-adsortpion  (36  ±  2  m2/gPt) 


vs.  CO  stripping  (40±2m2/gPt)  and  Cu -upd  (45±2m2/gPt)  for 
the  alloy  catalyst  are  11  ±5  and  25  ±5%,  respectively.  Since  CO 
stripping  and  Cu -upd  are  considered  more  reliable  techniques  for 
ECSA  determination  and  there  is  a  reasonable  (~10%)  agreement 
between  two  ECSAs  values,  we  assume  that  these  values  repre¬ 
sent  platinum  surface  area  of  Pt3Co/VC  catalyst.  The  next  important 
question  is  whether  the  difference  between  the  platinum  ECSAs 
for  Pt3  Co/VC  and  Pt/VC  catalysts  is  only  due  to  different  Pt  par¬ 
ticle  sizes  or  also  due  to  the  presence  of  cobalt  on  the  surface  of 
the  alloy.  In  order  to  answer  this  question,  the  ratio  of  diameters 
of  platinum  and  alloy  nanoparticles  (dPt  and  dPt3co>  respectively)  is 
compared  to  the  ratio  of  platinum  ECSAs  for  the  Pt3  Co/VC  and  Pt/VC 
catalysts  for  each  method  of  ECSA  evaluation.  Using  approxima¬ 
tion  that  platinum  ECSA  is  inversely  proportional  to  the  diameter 
of  the  nanoparticle  d  [32],  the  ratio  of  ECSAs  for  two  catalysts  hav¬ 
ing  only  platinum  atoms  on  the  surface  of  the  nanoparticles  can  be 
estimated  according  to  Eq.  (2): 

ECSAPt3Co/vc  =  pptdpt 
ECSAPt/vc  PPt3Codpt3Co 

where  pPt3co  and  pPt  are  Pt3Co  and  Pt  densities,  respectively.  For 
example,  for  4.3  nm  Pt3Co  nanoparticles  and  3.5  nm  Pt  nanoparti¬ 
cles,  the  lower  limit  for  the  right  part  of  Eq.  (2)  is  3.5/4.3  nm  =  0.81 . 
In  fact,  the  real  value  is  greater  than  0.81,  as  the  ratio  of  densi¬ 
ties  of  Pt  and  Pt3Co  is  greater  than  one.  The  criterion  for  the  cobalt 
presence  on  the  surface  is  the  lower  value  of  the  left  part  of  Eq. 
(2)  compared  to  the  right  one.  The  ratios  of  diameters  of  Pt  and 
Pt3Co  nanoparticles  and  ECSAs  of  Pt3Co/VC  and  Pt/VC  catalysts  for 
all  three  catalysts  are  given  in  Table  1  (Columns  3, 7-9).  The  closest 
agreement  (within  experimental  error)  between  the  left  and  right 
parts  of  Eq.  (2)  is  obtained  for  ECSAs  of  30  wt.%  Pt3  Co/VC  and  50  wt.% 
Pt/VC  catalysts  estimated  by  the  Cu-upd  method  (0.63  ±0.03  and 
0.67  ±  0.10,  respectively).  For  the  20  wt.%  Pt/VC  catalyst,  the  differ¬ 
ence  is  greater  (0.67  ±  0.03  vs.  0.81  ±  0.10)  which  probably  reflects 
larger  uncertainties  in  particle  size  determination  for  this  cata¬ 
lyst.  Thus,  we  assume  below  that  the  difference  in  the  Pt  ECSAs  of 
Pt3  Co/VC  and  Pt/VC  catalysts  is  due  to  the  different  particle  size  of 
these  catalysts,  and  either  a  Pt  “skeleton”  [  1 0]  or  platinum-enriched 
layer  [29]  is  formed  on  the  surface  of  Pt3Co  nanoparticles  under 
acidic  conditions. 

Flowever,  ECSAs  determined  by  Fl-adsorption  are  used  in  the 
analysis  of  the  area-specific  activities  for  the  ORR  that  follows. 
Since  Fl-adsorption  is  still  the  easiest  way  to  measure  platinum 
ECSA  both  in  an  electrochemical  cell  and  in  a  fuel  cell,  the  majority 
of  researchers  report  area-specific  activities  for  ORR  based  on  the 
Fl-adsorption  region  on  CV  curves.  All  proceeding  platinum  ECSA 
measurements  will  be  from  the  Fl-adsorption  region  in  order  to 
compare  our  results  with  the  existing  literature. 

Mass-  and  area-specific  activities  for  Pt3Co/VC  and  Pt/VC  cat¬ 
alysts  are  given  in  Table  2.  The  mass  activity  of  the  Pt3 Co/VC 
catalyst  is  lower  (0.24  ±0.02  AmgPt-1)  than  reported  previously 
by  our  group  (0.30  ±0.03  AmgPt-1)  [1]  because  a  different  batch 
of  developmental  catalyst  was  used  in  this  study.  The  area- 
specific  activity  of  the  30 wt.%  Pt3Co/VC  catalyst  towards  the 
ORR  (670  ±60  |jiAcmPt-2)  is  2.5  times  higher  than  that  of  20  wt.% 
Pt/VC  (270  ±  30, 670  ±  60  p,A  cmPt-2 ),  while  its  mass-specific  activ- 
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Table  2 

Mass-specific  (AmgPt-1)  and  area-specific  (pAcirr^t)  activities  for  the  ORR  at  0.9  V  in  0.1  M  HC104:  1600rpm,  5  mVs-1, 25  °C. 


Catalyst 

Pt  loading  ( p.gPt  cm-2 ) 

AmgPt_1  (±10%) 

|jiAcmPt 2  (±10%) 

30%  Pt3Co/VC 

20  ±  0.25 

0.24 

670 

20%  Pt/VC 

20  ±  0.25 

0.17 

270 

50%  Pt/VC 

30  ±  0.25 

0.12 

170 

Current  density  /  A-crrr2 


Fig.  5.  Polarization  curves  measured  on  single  cells  employing  30wt.%  Pt3Co /VC 
(solid  circles)  and  50wt.%  Pt/VC  (open  circles)  at  the  cathodes.  Platinum  loading 
0.4  mgPt  cm-2 , 80  °  C,  1 00%  RH.  Insert  shows  polarization  curves  in  Tafel  coordinates. 
Dashed  horizontal  line  corresponds  to  cell  voltage  of  0.6  V. 

ity  (0.24  ±0.02  Amgpt_1)  is  only  1.5  times  higher  than  that  of 
20wt.%  Pt/VC  (0.1 7  ±0.02  Amgpt-1).  The  area-specific  activity  of 
30wt.%  Pt3Co/VC  (670 ± 60  (jlA cmPt_2)  is  consistent  with  those 
reported  by  other  researchers  [21,23-25].  The  50wt.%  Pt/VC  has 
the  lowest  mass-  and  area-specific  activities  (0.12  ±0.01  AmgPt_1 
and  1 70  ±  20  pA  cmPt-2,  respectively)  of  the  three  catalysts. 

3.2.  Fuel  cell  testing 

3.2. 1.  Fuel  cell  performance  in  Fl2\air 

Polarization  curves  measured  in  H2|air  single  cells  employing 
30wt.%  Pt3 Co/VC  (custom-made  CCMs)  and  50wt.%  Pt/VC  cata¬ 
lysts  (commercial  CCMs)  at  the  cathodes  are  illustrated  in  Fig.  5. 
Interestingly,  the  50  wt.%  Pt/VC  demonstrates  higher  performance 
than  the  30  wt.%  Pt3Co/VC  over  the  whole  range  of  current  den¬ 
sities.  This  is  inconsistent  with  the  higher  mass-specific  activity 
observed  for  the  30  wt.%  Pt3 Co/VC  using  the  RDE  technique  (see 
Fig.  1 ).  To  understand  the  reason  behind  such  disagreement,  polar¬ 
ization  curves  were  measured  in  H2 102  single  cells  at  the  same 
conditions  as  in  H2 |air  fuel  cells  (except  for  s  =  2/10  vs.  2/2),  and 
mass-  and  area-specific  activities  toward  the  ORR  were  calculated 
for  the  30  wt.%  Pt3Co/VC  and  50  wt.%  Pt/VC  catalysts  from  ohmic 
resistence  (R)-corrected  polarization  curves  at  i'R-corrected  volt¬ 
age  of  0.9  V  (Table  3).  For  the  reason  discussed  above,  area-specific 
activities  are  given  with  respect  to  ECSAs  evaluated  from  the  H- 
adsorption  region  of  the  CVs  measured  in  H2  |N2  cells  (see  Fig.  6). 
Both  area-  and  mass-specific  activities  are  normalized  to  an  02  par¬ 
tial  pressure  of  1 00  kPaabs  according  to  Eq.  (1 8)  in  Ref.  [19]  assuming 
that  the  ORR  is  a  first-order  reaction  with  respect  to  oxygen  partial 


Fig.  6.  Cyclic  voltammograms  measured  under  H2|N2  in  single  cells  employing 
30  wt.%  Pt3Co/VC  (solid)  and  50  wt.%  Pt/VC  (dashed  line)  at  the  cathodes.  Scan  rate 
is  50  mV s-1 ,  cell  and  humidifiers  temperatures  are  30  and  50  °C,  respectively.  Plat¬ 
inum  loading  is  0.4mgPtcm-2  and  H2|N2  flow  rates  are  0.25|0.03  Lmin-1. 

pressure.  Using  this  normalization,  we  are  able  not  only  to  compare 
the  catalyst  activities  in  fuel  cell  experiments  to  those  reported  by 
others  [8],  but  also  to  compare  activities  in  fuel  cells  to  those  in 
electrochemical  cells.  Although  it  is  accepted  in  the  literature  [8] 
to  compare  RDE  activities  at  60  °C  to  fuel  cell  activities  at  80  °C,  we 
do  not  find  significant  difference  between  RDE  activities  measured 
at  30  and  60  °C  for  initial  catalyst  evaluation  [33].  Therefore,  RDE 
activities  measured  at  room  temperature  will  be  compared  below 
to  fuel  cell  activities  in  H2 102  cells  measured  at  80  °C. 

Area-specific  normalized  activity  of  the  50  wt.%  Pt/VC  in  the 
fuel  cell  (150±20  p.Acmpt-2)  is  in  agreement  with  the  value 
obtained  in  the  electrochemical  cell  (170  ±20  pAcmpt-2),  but 
20-30%  lower  than  the  activity  reported  by  Gasteiger  et  al.  [8] 
( 1 80-2 1 0  pA  cmPt-2 )  for  a  ~50  wt.%  Pt/C  catalysts  from  TKK.  Unlike 
the  50  wt.%  Pt/VC,  area-specific  activity  of  the  30  wt.%  Pt3  Co/VC  in 
the  fuel  cell  (390  ±20  pAcmpt-2)  is  1.7  times  lower  than  that  in 
the  electrochemical  cell  (670  ±20  pAcmpt_2).  This  can  be  due  to  a 
combination  of  several  reasons.  First,  the  catalyst  ink  for  Pt3 Co/VC 
was  not  optimized,  as  the  same  platinum/ionomer  ratio  was  used 
for  both  catalysts.  One  of  the  indicators  of  a  non-optimized  ink  is 
that  not  all  the  platinum  surface  is  accessible  for  oxygen  adsorp¬ 
tion  (not  utilized).  The  lower  platinum  utilization  seen  for  cathodes 
with  30  wt.%  Pt3Co/VC  vs.  50  wt.%  Pt/VC  (69  vs.  97%,  respectively, 
Table  4)  directly  confirms  this  fact.  Platinum  utilization  is  defined 
here  as  the  ratio  of  platinum  ECSA  measured  in  an  electrochemical 
cell  to  platinum  ECSA  measured  in  a  fuel  cell  for  a  given  cata¬ 
lyst  [19].  Second,  cobalt  leaching  from  the  Pt3Co/VC  catalyst  can 
replace  some  of  protons  in  the  Nafion  ionomer  surrounding  the 
catalyst  [8]  which  are  essential  for  the  ORR  to  occur.  It  might  have 


Table  3 

Mass-specific  and  area-specific  activities  for  the  ORR  at  iR-corrected  voltage  of  0.9  V  in  H2|02  single  cell  at  s  =  2/10,  80  °C,  100%  RH  and  ambient  pressure. 


Catalyst 

Pt  loading  (mgPt  cm-2) 

ECSA(m2  gpt-1) 

AmgPt-1  (±10%) 

AmgPt_la  (±10%) 

pAcmPt~2  (±10%) 

|jiAcmPt-2a  (±10%) 

30%  Pt3  Co/VC 

0.4  ±  0.02 

25  ±  2 

0.05 

0.09 

210 

390 

50%  Pt/VC 

0.4  ±  0.02 

68  ±  5 

0.06 

0.10 

80 

150 

a  Activities  normalized  to  02  partial  pressure  of  101.3  kPa  at  the  cathode. 
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Table  4 

Platinum  ECSA  measured  in  H2  |N2  single  cells  at  30  °C  (cell)  and  50  °C  (humidifiers) 
and  Pt  utilization  of  30  wt.%  Pt3Co /VC  and  50  wt.%  Pt /VC. 


Catalyst 

Pt  loading  (mgpt  cm-2) 

ECSA  (m2  gpt-1 ) 

Pt  utilization  (%) 

30%  Pt3Co/VC 

0.4  ±  0.02 

25  ±  2 

69 

50%  Pt/VC 

0.4  ±  0.02 

68  ±  5 

97 

two  consequences:  first,  the  ORR  can  become  less  efficient  and  sec¬ 
ond,  the  cell  resistance  can  increase  as  a  result  of  the  replacement 
of  protons  by  cobalt  ions.  However,  the  later  effect  is  taken  into 
account  by  the  area-specific  activity  calculations  at  an  i'R-free  cell 
voltage. 

The  area-specific  activity  of  Pt3Co/VC-cathodes  in  the  FC  is  lower 
than  that  measured  in  the  electrochemical  cell,  but  still  2.6  times 
higher  than  the  activity  of  Pt/VC.  Also,  it  is  only  30%  lower  than 
550  ixAcmpt-2  reported  for  PtxCoi_x/C  catalyst  from  TKK  [9].  Note, 
that  even  though  the  Pt  particle  sizes  are  different  for  30  wt.% 
Pt3Co/VC  and  50  wt.%  Pt/VC  catalysts,  a  factor  of  two  increase  in 
area-specific  activity  cannot  be  justified  only  by  a  particle  size 
effect.  Particle  size  effect  would  result  in  20-30%  increase  in  area- 
specific  activity  for  4.3  vs.  2.9  nm  platinum  nanoparticles  [9,22]. 

The  normalized  mass-specific  activities  of  30 wt.%  Pt3Co/VC 
(0.09  ±  0.01  A  mgpt-1 )  and  50  wt.%  Pt/VC  (0.1  ±  0.01  Amgpr1 )  are 
approximately  the  same  and  close  to  the  mass  activity  of 
0.11  Amgpt_1  reported  in  Ref.  [8]  for  a  47%  Pt/C  with  a  similar  plat¬ 
inum  ECSA  of  70  m2/gpt.  A  factor  of  two  lower  mass-specific  activity 
of  the  30  wt.%  Pt3 Co/VC  catalyst  compared  to  the  benchmark  TKK 
catalyst  (0.28  AmgPt_1 )  is  mostly  due  to  a  lower  platinum  ECSA  of 
the  former  catalyst  (25  vs.  50  m2  gPt_1 ). 

The  CVs  used  for  the  platinum  ECSA  calculation  in  fuel  cell 
experiments  are  shown  in  Fig.  6.  They  have  the  same  features  as 
the  ones  measured  in  the  3-electrode  electrochemical  cell  (see 
Fig.  2).  In  terms  of  current  densities,  the  difference  between  the  CVs 
measured  for  Pt3Co/VC-cathodes  and  Pt/VC  cathodes  is  even  more 
pronounced  in  the  fuel  cell  vs.  the  electrochemical  cell,  leading 
to  a  greater  difference  between  ECSAs  (25  ±  3  vs.  68  ±  5  m2  gPt_1 , 
respectively). 

3.2.2.  SO2  poisoning  experiments  in  fuel  cells 

The  influence  of  S02  on  the  performance  of  PEM  fuel  cells 
employing  the  30  wt.%  Pt3Co/VC  and  50  wt.%  Pt/VC  was  studied  by 
introduction  of  1  ppm  S02  in  air  at  a  voltage  of  0.6  V,  and  the  results 
are  presented  in  Fig.  7.  Both  cathodes  exhibit  significant  perfor- 


Time  /  h 

Fig.  7.  Current  density  vs.  time  at  cell  voltage  of  0.60  V  for  S02  contamination  at  the 
cathodes  employing  30  wt.%  Pt3 Co/VC  (solid  line)  and  50  wt.%  Pt/VC  (dashed  line). 
Exposure  to  1  ppm  S02  in  air  was  preceded  and  followed  by  exposure  to  neat  air  for 
1  and  10  h,  respectively.  Inset  shows  current  normalized  to  platinum  ECSA  vs.  time 
for  the  same  catalysts.  Pt  loading  0.4  mgPt  cm-2,  80  °C,  100%  RH. 


Fig.  8.  Five  consecutive  CVs  recorded  at  50mVs_1  after  exposure  of  the  30  wt.% 
Pt3 Co/VC  (a)  and  50  wt.%  Pt/VC  (b)  cathodes  to  1  ppm  S02  at  a  cell  voltage  of 
0.60  V.  The  cell  and  humidifiers  temperatures  are  30  and  50  °C.  The  flow  rate  is 
0.25 10.03  L min-1  (anode|cathode).  Dashed  lines  indicate  peaks  for  sulfur  oxidation 
at  1.05  and  1.19  V. 

mance  degradation  during  exposure  to  S02.  The  current  density 
decreases  by  86  and  49%  for  cathodes  employing  30  wt.%  Pt3Co/VC 
and  50  wt.%  Pt/VC,  respectively.  Partial  performance  recovery  is 
observed  after  replacing  the  flow  of  1  ppm  S02  in  air  with  a  flow 
of  neat  air;  the  current  increases  by  19  and  7%  after  10  h  of  purg¬ 
ing  with  neat  air  for  cathodes  employing  30  wt.%  Pt3Co/VC  and 
50  wt.%  Pt/VC,  respectively.  At  first  glance,  the  alloy  cathodes  seem 
more  susceptive  to  S02  poisoning.  However,  the  two  catalysts  have 
remarkably  different  ECSAs,  and  exposure  of  the  catalyst  with  lower 
surface  area  to  the  same  dosage  of  S02  is  equivalent  to  exposure  of 
the  same  ECSA  to  a  higher  dosage  of  S02.  To  account  for  the  surface 
area  effect,  currents  measured  on  fuel  cells  with  30  wt.%  Pt3Co/VC 
and  50  wt.%  Pt/VC  were  normalized  to  ECSAs,  determined  from  H- 
desorption  region  on  cyclic  voltammetry  curves  (insert  to  Fig.  7).  In 
the  beginning,  before  S02  was  introduced  to  the  cathodes  (t= 0-2  h 
in  Fig.  7),  the  ORR  current  was  under  mixed  kinetic-diffusion  con¬ 
trol,  with  a  major  contribution  from  diffusion.  It  is  clearly  seen  from 
Tafel  plots  shown  in  the  inset  to  Fig.  5,  considering  that  the  cell 
voltage  of  0.6  V  corresponds  to  i'R-corrected  voltage  of  0.66-0.67  V 
for  both  catalysts.  An  interesting  feature  of  the  insert  in  Fig.  7  is 
that  at  t~4h,  the  ECSAs-normalized  currents  for  the  two  cata¬ 
lysts  approach  each  other.  It  means  probably  that  on  a  S02 -covered 
surface,  the  ORR  becomes  kinetically  controlled,  with  the  same 
reaction  rate  for  both  catalysts. 

Five  successive  CVs  measured  in  H2|N2  cells  at  30  °C  after  S02 
contamination  are  shown  for  Pt3  Co/VC  and  Pt/VC  cathodes  in  Fig.  8a 
and  b,  respectively.  The  features  of  the  two  sets  of  CVs  are  similar  to 
each  other  and  have  been  described  in  our  previous  papers  [7,17]. 
Note  that  both  peaks  for  sulfur  oxidation  observed  during  the  first 
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CV  sweep  at  1.05  and  1.19  V  (red  curves)  are  located  at  the  same 
potentials  for  both  catalysts. 

When  potential  cycling  is  performed  between  0.09  and  1.40  V, 
adsorbed  sulfur  is  oxidized  to  sulfate  according  to  the  equation 
proposed  by  Loucka  [34]: 

Pt-Sads+4H20  -*  SO42-  +  8H+  +  6e“  +  Pt  (3) 


As  sulfate  does  not  adsorb  on  platinum  at  1 .4  V  [35],  it  leaves  the 
surface,  making  it  available  for  hydrogen/oxygen  adsorption  during 
the  next  cycle.  With  progressive  scans,  more  sulfur  species  are  oxi¬ 
dized  to  sulfate  and  the  CVs  acquire  a  shape  that  is  reminiscent  of 
that  of  a  clean  platinum  surface.  Five  successive  scans  were  usually 
enough  to  get  a  reproducible  cyclic  voltammogram. 

The  coverage  of  the  platinum  surface  with  sulfur  species  0S  after 
exposure  to  S02  was  calculated,  for  both  catalysts,  from  the  hydro¬ 
gen  desorption  region  on  CVs  according  to  Eq.  (4): 


a  05-0,1 

9s  =  ^2T 


(4) 


where  Q.i  and  Qs  are  the  charges  consumed  for  hydrogen  desorp¬ 
tion  from  contaminated  (scan  1)  and  the  clean  (scan  5)  platinum 
surface,  respectively.  Calculating  the  Pt  sulfur  coverage  using  Eq. 
(4)  suggests  that  one  platinum  atom  adsorbs  one  sulfur  atom. 
Shortcomings  around  this  assumption  have  been  discussed  in  our 
previous  paper  [7].  The  true  physical  meaning  of  the  sulfur  cover¬ 
age  calculated  according  to  Eq.  (4)  is  a  fraction  of  platinum  sites  not 
accessible  for  hydrogen  adsorption. 

Sulfur  coverage  calculated  from  the  CV  series  shown  in  Fig.  8  is 
0.58  ±  0.05  and  0.22  ±  0.02  for  30  wt.%  Pt3 Co/VC  and  50  wt.%  Pt/VC 
cathodes,  respectively.  Interestingly,  only  five  scans  is  required  to 
recover  both  catalysts  even  though  the  sulfur  coverage  of  30  wt.% 
Pt3 Co/VC  catalyst  is  a  factor  of  2.6  higher.  The  higher  sulfur  cov¬ 
erage  obtained  for  the  30  wt.%  Pt3Co/VC  cathode  catalyst  suggests 
that  at  a  given  platinum  loading  (0.4  mgPt  cm-2),  the  Pt3Co/VC  cat¬ 
alyst  is  more  susceptive  to  S02  poisoning  than  the  Pt/VC.  A  similar 
conclusion  was  made  in  our  previous  paper  [1  ]  where  S02  adsorp¬ 
tion  on  thin  films  of  30  wt.%  Pt3Co/VC  and  20  wt.%  Pt/VC  from 
electrolyte  solution  was  compared.  Elowever,  comparing  the  ECSA- 
normalized  currents  shown  in  insert  to  Fig.  7  (t>4h),  another 
conclusion  important  for  understanding  the  fundamental  differ¬ 
ences  between  Pt3 Co/VC  and  Pt/VC  catalysts  can  be  made.  Even  at 
three  times  higher  sulfur-coverage  observed  at  Pt3 Co/VC  cathodes, 
the  ORR  currents  are  the  same  for  both  catalysts  if  ECSA-normalized 
currents  are  considered.  This  implies  that  if  the  catalysts  with 
comparable  surface  areas  were  investigated,  the  Pt3Co/VC  catalyst 
could  be  less  susceptive  to  S02  poisoning. 

To  evaluate  the  effect  of  S02  adsorption  on  the  fuel  cell’s 
performance,  polarization  curves  were  measured  on  single  cells 
employing  30  wt.%  Pt3Co/VC  and  50  wt.%  Pt/VC  cathode  catalysts. 
Fig.  9  compares  polarization  curves  measured  before  (black  circles) 
and  after  (green  circles)  poisoning  of  the  fuel  cell  cathodes  with 
1  ppm  S02  for  3h  followed  by  10  h  air  purge  at  0.60  V.  Although 
significant  performance  degradation  is  observed  for  both  fuel  cells 
after  exposure  to  S02,  it  is  more  pronounced  for  fuel  cell  with 
30  wt.%  Pt3 Co/VC  at  the  cathode  (green  solid  circles),  in  agreement 
with  the  higher  sulfur  coverage  obtained  from  the  CVs. 

The  insert  to  Fig.  9  shows  the  iR-corrected  voltage  vs. 
hydrogen-crossover-corrected  current  density  in  semi-logarithmic 
coordinates.  All  the  curves  have  linear  regions  at  current  densities 
lower  than  0.1  A  cm-2.  Within  experimental  error,  the  linear  region 
of  the  polarization  curve  obtained  for  the  contaminated  50  wt.% 
Pt/VC  has  the  same  slope  as  the  clean  50  wt.%  Pt/VC  and  30  wt.% 
Pt3Co/VC  (69  ±7  mV).  This  suggests  that  at  low  S02 -coverages 
(0.22  ±0.03),  S02  species  block  a  fraction  of  the  platinum  surface 
making  them  unavailable  for  adsorption  of  oxygen,  but  do  not  affect 
the  mechanism  of  the  ORR  [7].  Unlike  the  Pt/VC-contaminated 
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Fig.  9.  Polarization  curves  measured  before  contamination  of  the  fuel  cell  cathodes 
employing  30  wt.%  Pt3 Co/VC  (black  solid  circles)  and  50  wt.%  Pt/VC  (black  open  cir¬ 
cles)  and  after  contamination  with  SO2  at  a  cell  voltage  of  0.6  V  (green  solid  and 
open  circles  for  30  wt.%  PtsCo /VC  and  50  wt.%  Pt/VC,  respectively).  Insert  shows 
iR-c orrected  polarization  curves  in  Tafel  coordinates.  Dashed  lines  are  obtained 
by  linear  regression  of  linear  parts  of  the  polarization  curves.  Platinum  loading 
0.4mgPtcm-2,  80  °C,  100%  RH,  s  =  2/2.  (For  interpretation  of  the  references  to  color 
in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


surface,  the  slope  of  the  linear  region  of  the  polarization  curve 
measured  for  the  Pt3Co/VC  (137  ±  10  mV)  dramatically  differs  from 
that  of  the  clean  surface.  It  implies  that  the  mechanism  of  the  ORR 
depends  on  the  S02  coverage,  as  the  coverage  observed  on  the 
Pt3Co/VC  catalyst  (0.58  ±0.05)  was  significantly  higher  than  that 
of  the  Pt/VC  (0.22  ±  0.03).  An  increase  in  Tafel  slopes  (96-1 10  mV) 
at  a  sulfur  coverage  of  0.42  was  also  observed  in  our  previous  paper 
[17],  where  contamination  of  50  wt.%  Pt/VC  cathode  with  1  ppm  of 
S02,  H2S  and  COS  for  12  h-exposure  times  was  investigated. 

As  we  reported  earlier  [17],  running  successive  polarization 
curves  results  in  recovery  of  the  fuel  cell’s  performance.  This  can 
be  attributed  to  a  decrease  of  S02  coverage  due  to  the  oxidation 
of  S02  to  sulfate  with  shifting  the  electrode  potential  towards  the 
open  circuit  voltage  (OCV)  [7].  Fig.  10a  and  b  shows  the  1st  and  the 
8th  polarization  curves  measured  after  contamination  of  30  wt.% 
Pt3Co/VC  (a)  and  50  wt.%  Pt/VC  (b)  cathodes  with  1  ppm  S02  in  air. 
Even  though  the  fuel  cell  with  30  wt.%  Pt3 Co/VC  cathodes  was  more 
severely  contaminated  after  exposure  to  S02  (0S  =  0.58  ±0.05), 
eight  curves  were  enough  for  both  fuel  cells  to  get  reproducible 
polarization  curve,  that  did  not  change  during  successive  scans.  It 
implies  that  30  wt.%  Pt3Co/VC  catalyst  can  be  recovered  more  eas¬ 
ily  in  air  than  50  wt.%  Pt/VC.  In  addition,  the  potential  difference 
between  the  linear  regions  of  the  polarization  curves,  measured 
before  poisoning  and  after  running  successive  polarization  curves 
is  larger  for  the  50  wt.%  Pt/VC  (15  ±3  mV)  than  for  the  30  wt.% 
Pt3Co/VC  (7  ±3  mV),  which  suggests  more  complete  recovery  for 
the  alloy  compared  to  the  platinum  catalyst. 

Recovery  by  running  successive  polarization  curves  can  be  inter¬ 
preted  in  terms  of  oxidation  of  S02  to  sulfate  when  the  cell  voltage 
progressively  changes  from  0.5  to  0.9  V.  At  0.9  V  S02  is  oxidized 
to  sulfate  [7,36],  which  impedes  the  ORR  [37].  We  assume  that 
the  shift  in  potential  between  the  linear  regions  of  the  polariza¬ 
tion  curves  given  in  Fig.  10  is  due  to  the  sulfate  adsorption  on  the 
platinum  surface.  Sulfate  adsorption  is  weaker  on  Pt3  Co/VC  than  on 
Pt/VC  [37],  which  results  in  a  smaller  difference  between  the  lin¬ 
ear  regions  of  the  polarization  curves  measured  before  poisoning 
and  after  running  eight  polarization  curves  for  30  wt.%  Pt3Co/VC 
(Fig.  10a)  than  for  50  wt.%  Pt/VC  (Fig.  10b). 

Recovery  by  potential  cycling  occurs  faster  for  the  30  wt.% 
Pt3  Co/VC  fuel  cell  cathode  even  though  it  was  more  severely 
contaminated  after  exposure  to  S02  (Fig.  10a  vs.  b).  In  our  pre¬ 
vious  paper  [1]  we  assumed  that  this  is  due  to  the  weaker 
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Fig.  10.  Polarization  curves  measured  on  30wt.%  Pt3Co/VC  (a,  open  symbols)  and 
50wt.%  Pt /VC  (b,  solid  symbols)  cathodes  before  contamination  with  1  ppm  SO2 
(black  circles),  after  contamination  (green  circles)  and  after  running  eight  successive 
polarization  curves  (green  diamonds).  Platinum  loading  0.4mgPt  cm-2,  80  °C,  100% 
RH,  s  =  2/2.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  article.) 

platinum-sulfur  bond  in  the  platinum-cobalt  catalyst,  indicated  by 
DFT  analysis  [3].  However,  it  has  not  been  experimentally  proven 
that  platinum-sulfur  bond  is  weaker  for  Pt3Co  vs.  Pt.  Second,  even 
if  Pt-sulfur  bond  is  weaker  for  Pt3Co  at  a  metal/gas  interface  it  does 
not  necessarily  mean  that  (a)  it  is  weaker  at  a  metal/liquid  interface 
and  (b)  reaction  rate  of  S02  oxidation  at  a  metal/liquid  interface  will 
be  determined  by  the  energetics  of  the  Pt-sulfur  bond.  The  results 
of  some  additional  experiments  are  reported  below  to  clarify  the 
differences  between  Pt3 Co/VC  and  Pt/VC  catalysts  in  terms  of  S02 
adsorption  and  oxidation. 

3.3.  Probing  SO 2 -platinum  interaction  at  catalyst/inert  gas 
interface  by  TPD 

Fig.  1 1  shows  TPD  desorption  spectra  of  molecular  S02  (m/e  =  64) 
pre-adsorbed  on  30  wt.%  Pt3 Co/VC  (solid  line),  acid-treated  30  wt.% 
Pt3Co/VC  (solid  line)  and  40  wt.%  Pt/VC  (dashed  line)  at  80°C.  TPD 
spectrum  for  40  wt.%  Pt/VC  has  one  desorption  peak  at  21 7  °C.  Spec¬ 
trum  of  30  wt.%  Pt3Co/VC  is  characterized  by  two  peaks:  a  dominant 
peak  of  S02  desorption  at  203  °C  and  a  broader  peak  at  380  °C.  The 
first  peak  is  apparently  due  to  S02  desorption  from  platinum:  it 
is  in  the  vicinity  of  S02  desorption  peak  from  Pt/VC  catalyst  and 
its  intensity  is  higher  than  the  intensity  of  the  second  peak,  in 
agreement  with  higher  atomic  ratio  of  platinum  in  Pt3Co  alloy. 
The  observed  shifting  of  the  S02  desorption  temperature  from 
217  to  203  °C  is  likely  an  indicator  of  a  weaker  platinum-sulfur 
bond  in  Pt3  Co/VC  catalyst.  A  similar  shift  to  lower  temperatures 
was  reported  for  CO  desorption  from  Pt(  111)  surface  vs.  Co75Pt25 
alloy  [38].  It  was  assigned  to  weakening  of  the  Pt-C  bond  based  on 
both  TPD  and  Fourier  transformed  infrared  reflection  absorption 


Fig.  11.  TPD  spectra  of  pre-adsorbed  molecular  SO2  (m/e  =  64)  on  30  wt.%  Pt3Co/VC, 
acid-treated  30  wt.%  Pt3  Co/VC  and  40  wt.%  Pt/VC  recorded  in  helium.  Arrows  indicate 
SO2  desorption  peaks  at  203  and  380  °C  for  30  wt.%  Pt3Co/VC,  158  °C  for  acid-treated 
30  wt.%  Pt3Co/VC  and  217  °C  for  40  wt.%  Pt/VC. 

spectroscopy  results.  The  second  peak  is  most  likely  due  to  S02 
desorption  from  Co  as  the  Co-S  bond  is  much  stronger  than  Pt-S 
bond  based  on  DFT  analysis  [3].  To  test  this  hypothesis,  S02  desorp¬ 
tion  spectrum  from  acid  leached  30  wt.%  Pt3Co/VC  was  measured 
by  TPD  (solid  line).  Obviously,  the  peak  at  380  °C  for  S02  desorp¬ 
tion  from  untreated  30  wt.%  Pt3Co/VC  catalyst  can  be  assigned  to 
S02  desorption  from  cobalt,  as  only  one  desorption  peak  at  1 58  °C  is 
observed  for  acid-treated  alloy  catalyst.  Shifting  of  S02  desorption 
peak  to  lower  temperature  (158  °C)  for  acid-treated  catalyst  sug¬ 
gests  weakening  of  the  platinum-sulfur  bond  after  acid-treatment. 

Cobalt  leaching  from  the  surface  of  the  acid-treated  30  wt.% 
Pt3 Co/VC  catalyst  was  directly  confirmed  by  inductively  coupled 
plasma-MS  analysis  of  the  effluent  collected  after  catalyst’s  acid 
treatment.  In  the  first  approximation,  ~30wt.%  of  initial  cobalt 
content  found  in  the  effluent  can  be  translated  into  approxi¬ 
mately  three  cobalt-free  monolayers  on  the  surface  of  4.3  nm  Pt3Co 
nanoparticles. 

3.4.  Probing  S02-platinum  interaction  by  cyclic  voltammetry 

In  order  to  account  for  surface  area  effects  during  S02  adsorp¬ 
tion,  Pt/VC  and  Pt3Co/VC  thin-films  electrodes  were  prepared  with 
the  same  platinum  surface  areas  by  CO  and  Cu -upd.  Poisoning  was 
performed  at  room  temperature  by  purging  0.1  M  HC104  electrolyte 
with  5  ppm  S02  in  nitrogen  for  15  min  while  holding  the  electrode 
potential  at  0.6  V.  This  time  was  sufficient  to  get  sulfur  coverage 
~0.8  by  Eq.  (4).  These  experimental  conditions  (except  temper¬ 
ature)  were  close  enough  to  both  S02  poisoning  experiments  in 
H2|air  fuel  cells  described  above  and  H2|N2  cells  reported  in  our 
previous  paper  [7]. 

Series  of  successive  CVs  recorded  after  S02  poisoning  of  30  wt.% 
Pt3Co/VC  and  50  wt.%  Pt/VC  thin  films  in  an  electrochemical  cell 
in  02-free  atmosphere  are  shown  in  Fig.  12a  and  b,  respectively. 
The  two  series  of  CV  curves  look  surprisingly  similar.  On  the  first 
negative-going  scan  (0.6  ->  0.05  V),  a  two-wave  S02  reduction  cur¬ 
rent  is  observed  for  both  catalysts.  On  the  positive-going  scan 
(0.05  -*  1.4  V),  a  significant  suppression  of  the  hydrogen  region  is 
observed  for  both  catalysts  due  to  blocking  of  the  platinum  surface 
by  sulfur  adatoms  resulting  from  S02  reduction.  Onsets  of  sulfur 
oxidation  (0.9  V)  and  peak  positions  for  sulfur  oxidation  to  sulfate 
(1.2  V)  are  the  same  for  both  catalysts  meaning  the  same  adsorp¬ 
tion  energy  for  sulfur  adatoms  at  the  electrode/solution  interface. 
The  first  difference  between  the  two  catalysts  appears  when  the 
potential  is  swept  from  1.4  to  0.6  V.  The  peak  position  for  reduc- 
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Fig.  12.  Seven  consecutive  CVs  recorded  after  exposure  of  the  30  wt.%  Pt3 Co/VC  (a) 
and  50  wt.%  Pt/VC  (b)  thin-film  electrodes  to  1  ppm  SO2  in  nitrogen  for  15  min  at 
0.6  V  in  electrochemical  cell.  Scan  rate  20mVs_1,  0.1  M  HCIO4,  room  temperature. 
Platinum  loading  is  35  and  20p,gPtcm_2  for  30  wt.%  Pt3Co/VC  and  50 wt.%  Pt/VC, 
respectively.  Exposure  to  SO2  was  followed  by  30  min  purge  in  nitrogen.  Arrows 
indicate  onset  potentials  of  sulfur  oxidation  at  0.8  V  and  peaks  for  sulfur  oxidation 
at  1.2  V. 

tion  of  oxygen  species  for  30  wt.%  Pt3Co/VC  (0.75  V)  is  shifted  in 
the  positive  direction  with  respect  to  50  wt.%.  Pt/VC  (0.7  V).  During 
the  following  eight  scans,  the  peaks  in  the  hydrogen  and  oxygen 
regions  for  the  50  wt.%  Pt/VC  develop  to  their  original  size  observed 
in  a  clean  solution.  For  the  30  wt.%  Pt3Co/VC,  the  peaks  develop 
even  further  and  become  larger  than  the  peaks  observed  in  a  clean 
solution,  suggesting  continuous  cobalt  leaching  from  the  surface 
during  oxidative  sulfur  removal.  After  seven  scans,  a  ~7%  increase 
in  the  area  under  hydrogen  desorption  region  was  observed  for 
the  30  wt.%  Pt3Co/VC.  The  difference  between  scans  4  (blue)  and  5 
(red)  is  less  pronounced  for  30  wt.%  Pt3 Co/VC  than  for  50  wt.%  Pt/VC 
catalysts  meaning  that  less  CV  sweeps  are  necessary  to  oxidize  sul¬ 
fur  from  the  Pt3  Co/VC  surface  than  from  the  Pt/VC  surface.  Sulfur 
coverages  calculated  by  Eq.  (4)  are  0.84  ±0.04  and  0.80  ±0.04  for 
30  wt.%  Pt3Co/VC  and  50  wt.%  Pt/VC  catalysts,  respectively. 

Therefore,  if  S02  adsorption  occurs  on  Pt3  Co/VC  and  Pt/VC 
catalysts  with  identical  platinum  ECSAs  from  solution  in  inert 
atmosphere,  sulfur  coverage  and  onset  potentials  for  sulfur  oxi¬ 
dation  are  also  identical.  An  important  question  is  whether  this 
observation  is  transferable  to  S02  adsorption  carried  out  in  the 
fuel  cell  environment.  Although  it  was  not  possible  to  make  two 
cathodes  with  the  same  platinum  ECSAs  for  Pt3 Co/VC  and  Pt/VC 
catalysts,  it  was  feasible  to  prepare  two  cathodes  with  the  same 
coverage  of  platinum  surface  by  sulfur  adatoms.  Fig.  13  shows 
two  CV  scans  recorded  after  S02  adsorption  on  30  wt.%  Pt3Co/VC 
and  50  wt.%  Pt/VC  catalysts  followed  by  1  h  purge  in  nitrogen.  In 
order  to  get  the  same  sulfur  coverage  of  ~0.8  for  both  catalysts,  the 
50  wt.%  Pt/VC  and  30  wt.%  Pt3 Co/VC  cathode  catalysts  were  exposed 


Fig.  13.  The  first  CV  curves  measured  after  the  contamination  of  30  wt.%  Pt3 Co/VC 
(solid)  and  50  wt.%  Pt/VC  (dashed)  cathodes  with  1  ppm  SO2  in  nitrogen  at  0.6  and 
0.5  V,  respectively.  Cell  and  humidifiers  temperatures  are  30  and  50  °C,  respectively. 
The  flow  rate  is  0.25|0.03  Lmirr1  (anode|cathode).  Dashed  line  indicates  peaks  for 
sulfur  oxidation  at  1.17  V.  Sulfur  coverage  is  ~0.8  for  both  catalysts. 


to  1  ppm  S02  in  nitrogen  while  holding  cathode  potentials  at  0.5 
and  0.6  V,  respectively.  In  agreement  with  previous  findings  [7], 
sulfur  coverage  increases  both  with  decreasing  electrode  potential 
and  switching  from  oxygen-rich  (air)  to  oxygen-free  environment. 
For  example,  sulfur  coverage  of  0.83  ±  0.05  obtained  during  S02 
adsorption  from  nitrogen  at  0.6  V  on  30  wt.%  Pt3Co/VC  is  higher 
than  that  of  0.57  ±  0.05  observed  during  S02  adsorption  from  air. 
Similarly,  sulfur  coverage  of  0.80  ±  0.05  for  S02  adsorption  from 
nitrogen  at  0.5  V  on  50  wt.%  Pt/VC  is  greater  than  0.63  ±0.05  [7] 
obtained  in  the  same  environment  at  0.6  V. 

In  contrast  to  Fig.  12,  the  onset  potentials  measured  for  sul¬ 
fur  oxidation  in  Fig.  13  are  not  identical  for  30  wt.%  Pt3Co/VC  and 
50  wt.%  Pt/VC  catalysts,  with  more  negative  onset  potential  for  the 
latter  catalyst.  To  be  precise,  there  is  a  shoulder  preceding  the 
main  wave  of  sulfur  oxidation  at  0.78-0.88  V  that  masks  the  onset 
potential  for  the  main  wave  of  sulfur  oxidation.  Flowever,  the  peak 
position  for  sulfur  oxidation  to  sulfate  at  1.17  V  is  the  same  for 
both  catalysts,  which  is  consistent  with  what  have  been  observed 
in  Fig.  12. 

Concluding  this  section,  no  shift  in  onset  potentials  and  peak 
positions  for  sulfur  oxidation  for  Pt3Co/VC  vs.  Pt/VC  catalysts  were 
observed  in  S02  adsorption  experiments  in  electrochemical  cell, 
when  catalysts  with  identical  ECSAs  were  compared.  In  fuel  cell 
experiments,  performed  at  the  same  coverage  of  platinum  surface 
by  sulfur  adatoms  no  shift  in  the  peak  position  for  sulfur  oxida¬ 
tion  was  observed  for  Pt3Co/VC  vs.  Pt/VC  catalysts.  It  suggests  that 
enhanced  reactivity  of  Pt3Co/VC  catalyst  with  respect  to  S°/S02  oxi¬ 
dation  to  sulfate  is  not  due  to  lower  adsorption  energy  of  sulfur 
species  on  Pt3Co  nanoparticles. 

4.  Conclusions 

1.  Based  on  CO  stripping  and  Cu -upd  experiments,  it  is  confirmed 
that  a  platinum-enriched  layer  or  platinum  “skeleton”  [10,29]  is 
formed  on  the  surface  of  Pt3Co  nanoparticles  under  acidic  envi¬ 
ronment.  The  difference  between  platinum  ECSAs  of  Pt3  Co/VC 
and  Pt/VC  catalysts  can  be  justified  in  terms  of  different  particle 
sizes. 

2.  In  agreement  with  previously  reported  RDE  results  [l],Pt3 Co/VC 
catalyst  is  more  susceptive  to  S02  poisoning  than  Pt/VC  at  a 
given  platinum  loading.  Flowever,  as  evidenced  by  S02  adsorp¬ 
tion  from  solution  in  an  electrochemical  cell,  sulfur  coverage  is 
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identical  on  the  two  catalysts,  if  they  have  identical  platinum 
ECSAs. 

3.  It  is  easier  to  oxidize  S°  or  S02  adsorbed  on  the  30  wt.%  Pt3Co/VC 
catalyst  than  on  the  50  wt.%  Pt/VC  catalyst,  meaning  than  fewer 
CV  cycles  in  inert  atmosphere  or  polarization  curves  in  air  are 
needed  to  completely  oxidize  S°/S02  from  30 wt.%  Pt3Co/VC 
than  from  50  wt.%  Pt/VC  even  though  Pt3Co/VC  surface  is  more 
severely  contaminated. 

4.  TPD  experiments  suggest  a  weaker  platinum-sulfur  bond  for 
Pt3 Co/VC  catalyst  vs.  Pt/VC  in  the  gas  phase,  in  agreement  with 
DFT  analysis  [3]. 

5.  Even  though  results  of  TPD  experiments  suggest  weaker 
platinum-sulfur  bond  for  Pt3 Co/VC  catalyst  vs.  Pt/VC  in  the  gas 
phase,  we  do  not  find  an  evidence  for  a  weaker  sulfur  adsorption 
on  the  former  catalyst  in  electrochemical  experiments  per¬ 
formed  both  in  electrochemical  cell  and  FCs.  The  same  onset 
potentials  and  peak  positions  for  sulfur  oxidation  are  observed 
for  both  catalysts  having  the  same  coverage  of  sulfur  adatoms 
at  electrode/solution  interface  (see  Fig.  12).  The  same  peak  posi¬ 
tions  for  sulfur  oxidation  are  observed  for  both  catalysts  having 
the  same  coverage  of  sulfur  adatoms  in  a  FC  environment  (see 
Fig.  13).  We  assume  that  enhanced  reactivity  of  Pt3 Co/VC  cat¬ 
alyst  with  respect  to  S°/S02  oxidation  to  sulfate  is  not  due  to 
a  weaker  Pt-S  bond,  but  has  to  do  either  with  a  higher  mobil¬ 
ity  of  adsorbed  oxygen  species  or  higher  reactivity  of  vacancies 
present  on  cobalt-leached  alloy  surface  towards  dissociation  of 
H20  or  molecular  oxygen.  Adsorbed  0[H]ads  species  are  manda¬ 
tory  for  sulfur  oxidation  to  sulfate  at  potentials  higher  than  1 V 
in  inert  atmosphere  [39,40].  Since  the  sulfur  oxidation  reaction 
occurs  on  the  surface  partially  covered  with  adsorbed  oxy¬ 
gen,  its  higher  mobility  would  provide  higher  sulfur  oxidation 
rate.  A  greater  number  of  vacancies  on  Pt3  Co/VC  catalyst  with 
“skeleton”  or  platinum-enriched  surface  would  facilitate  water 
dissociation  to  OHads  and  adsorbed  oxygen,  as  well  as  molecu¬ 
lar  oxygen  dissociation  when  S02  oxidation  in  air  is  considered. 
Although  we  cannot  exclude  a  particle  size  effect,  as  the  parti¬ 
cle  size  is  larger  on  the  30  wt.%  Pt3Co/VC  (4.3  ±  0.5  nm)  than  on 
the  50  wt.%  Pt/VC  (2.9±0.5nm)  catalyst,  enhanced  S°/S02  oxi¬ 
dation  to  sulfate  on  30  wt.%  Pt3Co/VC  vs.  20  wt.%  Pt/VC  was  also 
observed,  when  particles  of  closer  sizes  were  considered  [1  ]. 

6.  TPD  spectra  may  be  used  to  detect  cobalt  on  the  surface  of  Pt3Co 
nanoparticles. 
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